Abstract This study examined the sources and fate of nutrient inputs from two principal tributaries to the eutrophic subtropical Wivenhoe reservoir: an unregulated river and a dammed river with regular releases, during a period of declining reservoir water levels. Nutrient budgets were constructed over a period of 6 years, and combined with short-term data on nutrient concentrations and forms, and d 15 N stable isotope data. Our study found that over a 6 year period, there was net retention of phosphorus (P) in the reservoir, with 60% of inputs retained. Most of the P input load came from the unregulated river, with an agricultural catchment, during periods of high flow. During one event half of the total TP load from the unregulated river in the study period was delivered in only 12 days. Much of the P was dissolved inorganic P (DIP) and was derived from high P concentrations in soils and sediments. This highlights the importance of appropriate catchment management practices to reduce P losses from terrestrial systems because retention of P in reservoir sediments reduces the availability of this nutrient for agricultural production. In contrast, there was negligible retention of nitrogen (N). The unregulated river was an important source of N derived from N fixation in the river and adjacent soils, while the source from the dammed river was mostly reprocessed N. The high retention of P relative to N is consistent with relatively higher accumulation of P in sediments.
Introduction
Almost 3% of the world's land surface area is covered by artificial lakes and reservoirs (Friedl and Wüest 2002) . This has increased the residence time of river waters by a factor of three. In regions such as tropical southeast Asia where rainfall is high, and there is a high density of human population, artificial lakes and reservoirs comprise by far the greatest area of inland waters. The damming of rivers to create water storages or reservoirs results in considerable modifications in nutrient dynamics, as well as plant and animal species composition (Bosch and Allan 2008) . This is due to changes in geomorphology, water depth, water residence time and resulting vertical stratification.
Reservoirs are often sinks for phosphorus (P), and to a lesser extent nitrogen (N), due to higher residence times increasing sedimentation and burial rates compared with rivers (Sherman et al. 2001; Friedl and Wüest 2002; Bosch and Allan 2008) . Indeed, a global study of N removal found that reservoirs play a major role in N removal per unit area per year (Harrison et al. 2009 ). In terms of P, there is increasingly a global shortage of P fertilizer reserves worldwide for agricultural purposes (Vaccari 2009) . Hence the accumulation of P in reservoirs reduces P availability for agricultural production, as well as fuelling excessive algal production in lentic systems (Schindler 1977) .
Determining the fate of nutrients in lentic systems is a challenging task. Studies may use short-term flux measurements, e.g.
15 N-and 32 P-uptake experiments, at limited spatial scales to make inferences about how whole systems, such as reservoirs and rivers, function at greater spatial and temporal scales (e.g. ). Another approach is to combine nutrient concentrations, loads, and ratios, flow and biomarker data, e.g. stable isotopes, with greater spatial and temporal resolution to provide multiple lines of evidence to determine the sources and fate of nutrients. Stable isotopes of N, for example, have been used to infer the dominance of processes such as N fixation and internal N recycling (Fry 2006) , while N:P ratios can be used to infer nutrient limitation (Redfield 1958; Sterner et al. 2008) .
Insights into how damming of rivers has modified nutrient processes are mostly based on temperate systems, which have cold, wet winters and warm, dry summers. In contrast, tropical and subtropical areas have high rainfall that falls mostly in the summer months. To accommodate the high inflows and minimize flooding downstream, reservoirs in the tropics and subtropics are typically larger with longer water residence times (Jones and Poplawski 1998) . This has the potential to increase the retention of nutrients within reservoirs (Yeasted and Morel 1978) , increasing algal blooms in the system.
The purpose of this study was to assess the importance of a subtropical reservoir in modifying nutrient processes in a river system, through determining the sources and fate of N and P in a large subtropical reservoir and its two main tributaries: an unregulated river and a dammed river with regular releases.
Methods
This study used a combination of diverse datasets on nutrient concentrations, forms and loads, and stable isotope ratios, in a large reservoir and its two main tributaries to develop a 6 year monthly budget of N and P across the reservoir, and assess the source and form of those nutrients.
Study site
The study area was Wivenhoe reservoir (27.39219°S, 152.61062°E), and two of its principal tributaries: the upstream Upper Brisbane River (UBR) and the Stanley River which is impounded, i.e. Somerset reservoir. They are located in subtropical, southeast Queensland, Australia (Fig. 1) . Wivenhoe reservoir is a major source of drinking water to the city of Brisbane, with water continuously discharged for treatment downstream. Wivenhoe Reservoir holds 1,165,000 ML at capacity, has a mean depth of 10.8 m, and covers an area of 109 km 2 . It is characterized as eutrophic and monomictic, i.e. stratified in the warmer summer months with an autumn overturn and well-mixed during the winter months (Burford and O'Donohue 2006) . Wivenhoe reservoir also receives water, via the Stanley River, from controlled releases from Somerset reservoir (380,000 ML at capacity). The catchment for Somerset reservoir is 1,330 km 2 . The UBR has a catchment of 5,554 km 2 and has been classified as a river with highly unpredictable and intermittent flow typically in summer (Kennard et al. 2010 ).
Long-term water quality in reservoir Water samples were collected monthly at the surface and bottom (1 m from the sediment) at the dam wall (Site 1) in Wivenhoe reservoir, and upstream at the dam wall in Somerset reservoir from January 2002 to December 2008. Subsamples were stored on ice for total N (TN) and P (TP) analysis. Subsamples were also filtered through 0.45 lm membrane filters before being frozen for nitrite ? nitrate (NO 2 ? NO 3 ), ammonium (NH 4 ? ) and dissolved inorganic P (DIP) analyses. Dissolved oxygen concentrations were also determined in the bottom waters using a datalogger (YSI 6920 Sonde).
Low flow sampling
Sampling transects were conducted at 7 sites in a transect down the UBR and one tributary, Cressbrook Creek in the austral summer. One was in November/December 2005 and the other in March 2006 after a 4-year drought (mean rainfall of 633 mm p.a. compared with 790 mm p.a. for previous 20 years, http://www.bom.gov.au) (Fig. 1) . The drought resulted in very low flow in the UBR (Fig. 2b , http://www.nrw.qld.gov.au/water/). All sites had shallow pools with little or no flow.
Triplicate surface water samples were collected at each UBR site using 1-L sample bottles, sampling just below the surface. Subsamples were taken for nutrients, total suspended solids (TSS), d
15 N values (particulate organic matter (POM), total dissolved N (TDN), and chlorophyll a analyses. At each site, light profiles through the water column were measured using a 4 pi sensor (Licor) and physical and chemical parameters (temperature and conductivity) were recorded using a profiler (YSI 6920 Sonde) at the surface and bottom of the water column. The euphotic depth was calculated as 1% of surface light based on the light profiles.
Two sampling transects were also conducted at 6 sites (Sites 1, 2, 3, 4, 5, 6) TN and TP concentrations, and d 15 N values in the river and reservoir. Triplicate cores were taken at each sampling site and 2-cm deep undisturbed surface sediment retained. Triplicate dry surface soil samples were also taken on the slopes above the river channel. To gain greater insights into the P binding in the sediments, six replicate sediment grabs (2-cm surface slices) were also taken at sites 1, 1a, 2, 2a, 3, 4 ( Fig. 1) in February 2008 for sequential extractions and determination of aluminium (Al) and iron (Fe) concentrations. All samples were kept frozen until analyzed.
Flow event sampling
A substantial flow event occurred in the UBR in early February 2008 (Fig. 2b) . Additionally, at this time there were large water releases from Somerset reservoir into the Stanley River which entered Wivenhoe reservoir. This increased the reservoir supply level from 15 to 25% over the month of February 2008. Three sites (Crossing 12, Arababy and Gregors) on the UBR were sampled on 12 February 2008 (Fig. 1) during a substantial flow event in the river (Fig. 2b) . Sampling protocols were the same as for the low flow sampling, but light profiles were not taken. At one of these sites, Gregors, 5 water samples were also (Fig. 1) . The same sampling design was used for the water column as for the drought sampling, however, d
15 N values were only measured in the POM samples.
Analyses
Water samples for TN and TP were stored at -20°C until analyzed using a persulfate digestion process and standard colorimetric methods (American Public Health Association (APHA) 1995). Water samples for NH 4 ? , NO 3 ? NO 2 and DIP were filtered through 0.45-lm cellulose NO 3 filters, and frozen until analyzed using standard colorimetric methods (American Public Health Association 1995).
For total suspended solids (TSS), known volumes of water were filtered through pre-weighed, pre-combusted Whatman GF/F glass fibre filters, dried at 60°C, and reweighed. These filters were retained for stable isotope analysis. The filtrate was also collected and freeze dried to a powder, then analyzed for d 15 N of TDN and percentage N on a mass spectrometer (GV Isoprime, Manchester UK). Filters were also analyzed for d 15 N on a mass spectrometer. For chlorophyll a concentrations, known volumes of water were filtered through glass fibre filters (Avantec GF75). The filters were stored at -80°C until analyzed. Samples were extracted by sonicating filters for 1 min in cold 100% acetone, and measured either spectrophotometrically or spectrofluorometrically (Jeffrey and Welshmeyer 1997) .
Sediment and soil material were oven dried at 60°C for 24 h then ground to a fine powder then analyzed for d 15 N, and percentage N on a mass spectrometer (GV Isoprime, Manchester UK).
Sediment P, Al, Fe
Al and Fe concentrations were determined on Wivenhoe sediment samples after sequentially extracting P fractions (Psenner et al. 1988 ). Prior to extraction, sediment and soil samples were first sieved through a 63-lm sieve. The sequential extractions involved using NH 4
? chloride, followed by sodium bicarbonate-sodium dithionite (BD-P), followed by sodium hydroxide (NaOH). Al and Fe concentrations were determined on the sodium hydroxide (Al NaOH ) and BD-P fractions (Fe BD ), respectively, using flame atomic adsorption spectrophotometry (GBC Avanta Sigma, Melbourne) (Kopáček et al. 2005) . Sediment TP was also determined on the fractions using an autoanalyzer.
N and P budget calculations
Monthly discharge of TN and TP from the UBR and Wivenhoe and Somerset reservoirs were calculated for the period January 2002 to July 2008 from the product of monthly water discharge (ML), and concentrations of TN and TP (mg L -1 = kg ML -1 ) at the dam wall sites. The monthly discharge of TN and TP from the UBR were determined by adding the daily TN and TP loads, which were calculated from the daily flow-rate, using the relationships developed by Kerr (2009) = 1.048 ± 0.037, and the units and other symbols are defined as before. Equations 1-4 are non-linear in flow; hence using discharge data on shorter or longer time-scales than the daily time step used to develop these equations will result in errors.
Discharge data were available from January 2002 to July 2008, with the exception of the period June 2006-August 2007 when the gauge was malfunctioning. There was no or low flow through that period except for one small event.
Data were recorded every 2 h for very low or no flow, every 4 h during low flow, increasing to every 20 min for very high flow. Daily flow-rate was integrated from subdaily discharge data, assuming constant flow between the mid-points between each measurement.
Uncertainty analysis
Since the off-take depth for reservoir discharge was typically mid-depth, surface and bottom concentrations of TP and TN, were used to provide an upper and lower bound for the mass of nutrients discharged from the reservoirs. Uncertainty in monthly discharge volume from the reservoirs was neglected.
The uncertainty in the TN and TP predicted from Eqs. 3-4 was determined using sum of squares of errors, i.e.
where y is the dependent variable (i.e. TP or TN), x 1 -x n are the independent variables or parameters, and d indicates absolute error. Hence the absolute error in TP or TN will depend on the how much the discharge rate (flow) and the constants affect the nutrient load (qy/qx i ), and that absolute error in that variable (dx i ). Application of the error relation in Eq. 5-Eqs. 3, 4 yields the following relationship for TP, and a corresponding relationship for TN calculated from the discharge:
Replacing the A 1 , B 1 with A 2 , B 2 in Eq. 6 yields the uncertainty for TN. Equation 6 indicates that the uncertainty in nutrient loads increases at higher flowrates. The relative uncertainty in the flow rate of the UBR (dflow/flow) was assumed to be 5%.
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Results
Hydrology
Wivenhoe reservoir water volume decreased from full supply in the beginning of the study (2002) until 2007 (16% of full supply), with the exception of a minor increase in 2004 (Fig. 2a) . In 2008, the reservoir volume increased again. The increases in volume were largely the result of water flow in the UBR (Fig. 2b) . In other years, there was little flow in the UBR. Water releases from Somerset reservoir decreased until 2007, when it increased periodically (Fig. 2c) . Releases from Wivenhoe decreased consistently over the study, but was always higher than releases from Somerset reservoir.
Long-term nutrient concentrations and nutrient budgets
Monthly TN and TP input loads from UBR to Wivenhoe reservoir were less than those from Somerset reservoir over much of the 6 year study, corresponding with extended periods when the flow rates in UBR were low (Fig. 3a, b) . However, during flow events, the proportion of TN and TP input loads from UBR was substantially higher. Indeed, half of the total TP delivered by UBR to Wivenhoe reservoir occurred on days where the flow rate was greater than 3,000 ML day -1 , which corresponds to only 12 days out of the 2,374 day study period (Fig. 4a) . This reflects the episodic nature of flow in the river, and drought conditions that dominated the study period; almost 8% of the total rainfall over the 6 years was delivered on a single day, 6 March 2004. Because the coefficients relating TN load to flow in Eqs. 2, 4 were lower than those for TP in Eqs. 1, 3, the delivery of TN was slightly less biased towards large flow events. However, half of the TN was delivered for flows above 2,000 ML day -1 , i.e. over only 17 days of the study. The net TN and TP monthly load retention in Wivenhoe was determined based on inputs from UBR and Somerset minus discharge from Wivenhoe (Fig. 5a, b) . Retention of TP was close to zero over much of the study, but increased substantially during the two periods of higher flow in the UBR (Fig. 2a) . There was typically negative retention of TN over the low flow conditions that characterised much of the study period, with the exception of the two periods of higher flow in the UBR. The uncertainty in the load data was higher for TN than for TP due to higher variability in TN concentrations between the surface and bottom in the two reservoirs than TP (Fig. 5a, b ; Table 1 ). Over the 6 years of the study, net retention of TP was positive (58%), but TN retention was less than the uncertainty in the data (Table 1) .
The TN:TP ratios in inflow water from UBR were consistently lower than that of Somerset reservoir (Fig. 6) .
The discharge ratio from Wivenhoe was highly variable but typically higher than inputs from Somerset.
There were annual summer peaks in NH 4 ? and DIP in bottom waters at the dam wall in Wivenhoe reservoir from 2002 to 2008 (Fig. 7) . This coincided with low dissolved oxygen concentrations in bottom waters. NH 4
? and DIP concentrations decreased substantially in bottom waters after the autumn water overturn, while concentrations in surface waters were typically near detection limits (0.002 lg L -1 ). In contrast, NO 2 ? NO 3 concentrations in bottom waters fluctuated throughout the year, while in surface waters, concentrations were typically highest in the winter months. The mean molar DIN:DIP ratios in bottom waters were 65:1. (Table 2) . Wivenhoe reservoir sites ranged in depth from 3.5 m at the upstream site to 23.0 m at the dam wall site with a euphotic depth ranging from 1.8 to 4.9 m (Table 2 ). Specific conductivity was 1.83 ± 0.71 ms cm -1 in the river and 0.37 ± 0.5 ms cm -1 in the reservoir. Concentrations of other variables, i.e. nutrients, chlorophyll a and TSS, were similar between the UBR and Wivenhoe reservoir. TN and TP concentrations were typically higher at the bottom than the surface at sites 1-4, with less difference between surface and bottom at the upstream sites 5 and 6. TSS and chlorophyll a concentrations were higher upstream than downstream. DIN (NH 4 ? and NO 2 ? NO 3 ) concentrations were typically higher but highly variable in the bottom waters in Wivenhoe reservoir than in the UBR (Table 2) . DIP concentrations fluctuated between sites with no obvious trends between depths or sites.
TP concentrations were higher in the adjacent catchment soils than in the sediment at upstream river sites but became more similar further down the UBR (Table 3) . TN concentrations were highly variable in both the soil and sediment in the UBR. The molar N:P ratios in the UBR and reservoir sediment, and adjacent soil, were always relatively low. The Al NaOH :Fe BD molar ratios in the sediments of Wivenhoe reservoir were 1.1-2.1 in the upstream sites and 0.5 at the dam wall (Table 3 ). In contrast, Al NaOH :P (H2O?BD) molar ratios were variable between sites.
d 15 N values in the adjacent soil were higher than in the sediment in the UBR, although values were highly variable among sites (Fig. 8) . d
15 N values in the sediment in Wivenhoe reservoir were higher than those in the UBR. (Fig. 2b) , specific conductivity in the UBR was lower (0.47-0.51 mS cm -1 ) than during low flow conditions (0.98-3.03 mS cm -1 ) ( Table 4) . A mean TN concentration of the samples collected automatically at Gregors Crossing at the peak of the flow was 2.38 mg L -1 , with a mean of 0.83 ± 0.20 mg L -1 at the three sites during the event, higher than during low flow (Table 4) . It was similar at the UBR confluence. The percentage DIN, relative to TN, also increased during the flow event.
Mean TP concentrations in the UBR increased from 0.018 to 0.098 mg L (Table 4) . The mean over the three sites after the peak was 0.137 mg L -1 , higher than during low flow. It was similar to the UBR confluence. DIP concentrations and the DIP (%), relative to TP, also increased substantially during high flow conditions throughout the UBR.
The mean TSS concentration collected automatically at the peak of the flow at Gregors was 697 mg L -1 (Table 4) . Chlorophyll a concentrations were 3.8 ± 0.2 lg L -1 during high flow compared with 14.11 ± 18.27 lg L -1 during low flow conditions, while d 15 N ratios in the river POM were similar to low flow conditions ( Fig. 8; Table 4 ). By comparing the nutrient and other parameters at UBR confluence with the Stanley River data, it is possible to differentiate the contribution of UBR and Somerset reservoir to Wivenhoe reservoir during the high flow event (Table 4) . TN, TP, TSS and chlorophyll a concentrations were all higher in the UBR than the Stanley River at the confluence, with TN being 4-5 times higher, TP being double and chlorophyll a being more than 10 times higher.
During the high flow event, TP and DIP concentrations increased in Wivenhoe reservoir, particularly at the upstream sites, compared with the low flow period (Tables 3, 4) . TN concentrations were not substantially higher but the proportion of NH 4 ? and NO 3 ? NO 2 increased. TSS concentrations were also higher throughout the reservoir. d 15 N values for POM at the upstream site in Wivenhoe reservoir were lower than during low flow conditions and were comparable with the UBR sites.
Discussion
Our study showed that the UBR was the main contributor of N and P to Wivenhoe reservoir under high flow conditions. In the absence of significant inflows from the UBR, our study suggests that the dominant external nutrient source to Wivenhoe was the upstream reservoir, Somerset. However, in contrast to the UBR, the N:P ratios were considerably higher in Somerset. Therefore, during dry periods the N:P ratio entering Wivenhoe is higher, while the opposite is true in wet periods. Much of the N and P was in particulate form with DIN and DIP 25 and 24%, respectively, of the inflow water from Somerset and 26 and 46%, respectively, of the inflow from UBR (Kerr 2009 ).
There was net P retention in the reservoir over the 6 years of the study. This was largely driven by inputs of TP from UBR during a few major inflow events. However, the study period was characterized by drought with few periods of high flow in the upstream river. In higher flow periods, TP loads from the UBR to the reservoir would be even higher. Furthermore, while the study quantified only removal of P from the system (discharge from the reservoir), it did not account for all inflows; P would also have been delivered from direct land runoff and minor creeks.
Hence this study will underestimate P retention within the reservoir.
Reservoirs typically result in P retention (Jossette et al. 1999; Bosch and Allan 2008) . In our study, DIP concentrations were typically high in bottom waters during summer stratification when dissolved oxygen concentrations were low, suggesting net effluxes of P from the sediment. The Al NaOH :Fe BD and Al NaOH :P (H2O?BD) molar ratios were lower than 3 and 25, respectively, consistent with P desorption from sediments (Kopáček et al. 2005) . The contribution of bacterial remineralization is not known. The high DIN:DIP ratios in the bottom water (molar mean of 111:1), and low TN:TP ratios in the sediment, suggest greater N release in the sediment relative to P. Jossette et al. (1999) in a study of French reservoirs, also found substantially higher NH 4 ? than DIP fluxes from sediments.
The main source of P in the catchment was derived from the catchment soils. Neara Volcanic soils, which have high P concentrations (1,052 ± 345 lg g -1 ), have previously been shown to dominate soils in this catchment (Douglas et al. 2007) . A high proportion of the TP from UBR was DIP (Kerr 2009 ). The soils in this catchment have high rates of DIP release when wet (Kerr et al. 2011) . Indeed, extended periods of drought increase the potential for sediments to release P into overland flow (Kerr et al. 2010 ). Specific cond. specific conductivity a Event monitoring data from five composite samples at Gregors in the peak of the flood
Other studies have also measured a high proportion of DIP (*65%) relative to TP in rivers (Bramley and Roth 2002; Sherman et al. 2001) . This contrasts with studies that have shown that TP in rivers is mostly associated with the particulate load (Pailles and Moody 1992; Harris 1999; Sherman et al. 2001; Rahman and Al Bakri 2010) . Additionally, in a review of nutrient biogeochemistry in Australian rivers, Harris (2001) suggested that the proportion of DIP remains relatively constant across land uses (10-30%), which is at odds with our findings. The solubility of soil P is controlled by the concentration of P in solution, the quantity of P in the soil that equilibrates with the solution, and the buffering capacity of the soil (McDowell et al. 2004 ). So it is not surprising that there are differences in the proportion of dissolved P between studies.
The high proportion of P input from the unregulated river highlights the need to reduce erosion processes and ensure adequate vegetation cover in this agricultural catchment in order to minimise P losses. Modification of catchments for agriculture has greatly increased terrestrial nutrient losses (Brodie and Mitchell 2005) . Given the global shortage of P reserves for agriculture (Vaccari 2009 ), conserving P within the catchment is of increasing importance for agricultural yields.
The net monthly N budget indicates that N inputs were typically slightly lower than discharges during low flow conditions, with net N retention when N loads increased dramatically during periods of higher inflow from UBR. Over the entire study period, inflows of TN from the two major tributaries were balanced by TN discharged from Wivenhoe. This suggests that over the duration of the study, little denitrification occurred. This contrasts with other studies that showed that denitrification and other losses within reservoirs can result in a high proportion of N being removed (Gruca-Rokosz et al. 2009; Harrison et al. 2009 ). There may be inputs via N fixation, but the 15 N ratios in the water column in our study were not indicative of N fixation (Fry 2006) . This is consistent with findings in an adjacent reservoir, which found little evidence of N fixation despite the presence of N-fixing cyanobacteria . N fixation appeared to be the key source of N to the river, and subsequently to Wivenhoe reservoir, as evidenced by the low d
15 N values in the sediment, and water column TDN and POM fractions in the river (Fry 2006) . N fixers were also observed in the river, including symbiotic cyanobacteria within the aquatic plant, Azolla, and filamentous cyanobacteria, much of which are attached to the abundant macrophyte biomass (Kerr 2009) . Other studies have shown that N fixation by cyanobacteria can be an important source of N in rivers, e.g. Amazon floodplain (Fiore et al. 2005) .
As with DIP, there were high NH 4
? concentrations in bottom waters of Wivenhoe reservoir in periods of summer thermal stratification (Burford and O'Donohue 2006) when dissolved oxygen concentrations were low. This suggests that sediment remineralization was also an important process generating NH 4
? for algal growth, although availability may be limited until autumn water overturn.
In summary, this long term study showed that the unregulated UBR was the major contributor of P to Wivenhoe reservoir, accounting for 60% of the total TP input over a period of 6 years. Comparable loads of N were delivered from both the UBR and Somerset reservoir, and the inputs of N to Wivenhoe were balanced by discharges over the study period. The reservoir was a sink for P, but not N, and this principally due to P delivered by large inflow events in the unregulated upstream river. The mass of P retained over the study period was approximately equally to the mass of P delivered by the unregulated UBR.
Reducing P accumulation in reservoir sediments is important both in maintaining P availability for agricultural production, and preventing eutrophication of water supplies. Hence this study highlights the importance of appropriate catchment land-use and management practices to minimise sediment loss during rain.
